In situ electrochemical X-ray absorption fine structure (XAFS) measurements were performed at the Pt L 3 and Ce L 3 edges of the Pt−CeO x /C catalyst, which was prepared by a combined process of precipitation and coimpregnation methods, as well as at the Pt L 3 edge of the conventional Pt/C catalyst in oxygen-saturated H 2 SO 4 solution to clarify the role of CeO x in the reduction of the overpotential for the oxygen reduction reaction (ORR) at the Pt−CeO x nanocomposite compared with the conventional Pt/C catalyst. XAFS measurements clearly show that the enhancement of ORR activity is attributed to the inhibition of Pt oxide formation by the CeO x layer, of which Ce 3+ was oxidized to Ce 4+ instead of Pt at the Pt oxide formation potential.
■ INTRODUCTION
Fuel cells, especially polymer electrolyte membrane (PEM) fuel cells, are expected to be one of the key devices to solve energy and environmental problems because of their very high theoretical efficiency and relatively low emission. 1 Many theoretical and experimental studies have been carried out toward its widespread use. 2,3 Platinum is the most-widely used electrocatalyst for both anode and cathode electrodes in the PEM fuel cell because of its excellent catalytic activity for various fuel cell reactions, such as the hydrogen oxidation reaction (HOR), 4 oxygen reduction reaction (ORR), 5 and methanol oxidation reaction (MOR). 6, 7 However, potential loss at the cathode caused by relatively slow kinetics of the ORR is a critical issue to be solved for further improvement of the cell performance. Extensive research has been carried out to understand the ORR mechanism and reduce the potential losses. 5, 8 One of the important approaches is to use cocatalysts in combination with platinum. A variety of transition metals have been used as cocatalysts, and several binary and ternary Pt−alloy systems have been proved to be effective for the enhancement of ORR activity. 9−14 Cerium oxide (CeO x ) is known to be an excellent additive to promote various catalytic reactions, 15 especially for the elimination of toxic exhaust gases of automobiles by threeway catalysts, 16 due to its very unique oxygen storage capability. Recently, CeO x has been also utilized as a cocatalyst with Pt catalyst for ORR in PEM fuel cells. 17−19 Although the effect of CeO x as a promoter is considered to be due to its unique oxygen storage capability and substantial interaction between Pt and CeO x , the detail of the role of CeO x in the promotion of ORR is not well-understood.
X-ray absorption fine structure (XAFS) is a powerful technique to determine the local geometric and electronic structures of X-ray absorbing atoms 20 and has been used to monitor the potential-dependent local structure of the electrode under in situ electrochemical conditions, 21−27 including fuel cell reactions, but only very limited systematical studies are available to clarify the mechanism of catalytic reactions promoted by multicomponent catalysts, such as oxygen reduction based on simultaneous determination of the structures of all components.
In the present study, the promotion effect of CeO x in the Pt−CeO x /C catalyst for oxygen reduction is investigated by in situ XAFS measurements at the Pt L 3 and Ce L 3 edges of the Pt−CeO x /C catalyst as well as at the Pt L 3 edge of the conventional Pt/C catalyst in oxygen-saturated H 2 SO 4 solution.
■ EXPERIMENTAL SECTION
Ultrapure N 2 (99.99995%) and O 2 (99.99995%) were purchased from Taiyo Nissan. Ultrapure reagent grade H 2 SO 4 and ultra-high-purity (NH 4 ) 2 CO 3 from Wako Pure Chemicals, H 2 PtCl 6 ·6H 2 O (purity, 98.5%) from Kishida Chemicals, Ce(NO 3 ) 3 ·6H 2 O (purity, >99.99%) from Kanto Chemicals, and carbon black (Vulcan XC-72R) from Cabot were used as received. Water was purified using a Milli-Q system (Yamato, WQ-500). A glassy carbon electrode, and Ag (99.99%) and Pt wires (99.99%) were purchased from Tokai Carbon and Nilaco, respectively.
Commercially available Pt/C (Johnson-Matthey) was used as received. Pt−CeO x /C was synthesized by a combined process of precipitation and coimpregnation methods, as reported previously. 17, 28, 29 A 5 μL portion of an aqueous dispersion containing 20 wt % Pt/C or Pt−CeO x /C was drop-cast on glassy carbon (Tokai Carbon) and then dried in an oven at 60°C for 1 h. Prior to each experiment, the electrode surface was cleaned by an oxidation reduction cycle (ORC) between −0.2 and +1.3 V in 0.5 M H 2 SO 4 solution saturated with nitrogen. Pt−CeO x nanocomposites were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS), as reported in the previous paper. 17 The electron diffraction pattern of the electrochemically pretreated sample showed a broad periodic ring, which is a common feature of amorphous-like materials, corresponding to the Bragg diffraction of Ce 2 O 3 . 17 The electrochemical potential was controlled by an automatic polarization unit (Hokuto Denko, HSV-100). A Ag/AgCl electrode and a Pt wire were used as a reference and a counter electrode, respectively. Rotating disk electrode measurement was performed using a dynamic electrode controller (Hokuto Denko, HR201 and 202).
XAFS measurements at the Ce L 3 and Pt L 3 edges were carried out in fluorescence mode by using a silicon (111) double crystal monochromator and a 19-element pure-Ge solidstate detector (SSD, Canberra) at bending magnet beamline BL14B1 of SPring-8. A homemade spectroelectrochemical cell made of polychlorotrifluoroethylene (PCTFE) was used for the in situ XAFS measurements. 30 The cell was sealed with a 6.0 μm thick Mylar film (Chemplex), which serves as an X-ray window. The glassy carbon electrodes were pushed to the Mylar window, and thickness of the electrolyte solution layer between the electrode and window was ca. 30 μm so that X-ray scattering by the solution was avoided. Reference and counter electrodes were arranged in different compartments and shielded by a lead plate to avoid X-ray scattering by these components. The spectroelectrochemical cell was set on a κtype six-circle diffractometer (Newport), and in situ XAFS measurements were carried out at various potentials in 0.5 M H 2 SO 4 saturated with oxygen. Figure 1 show cyclic voltammograms (CVs) of Pt/C (red) and Pt−CeO x /C (blue) electrodes measured in 0.5 M H 2 SO 4 solution saturated with Ar. The CV of the Pt/C electrode is almost identical to those of Pt polycrystalline and Pt/C electrodes reported previously. 31 Typical hydrogen adsorption/desorption and oxide formation/reduction waves and current due to the hydrogen evolution reaction (HER) were observed.
■ RESULTS AND DISCUSSION
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The CV of the Pt−CeO x /C electrode is totally different from those of the Pt polycrystalline and the Pt/C electrodes. Hydrogen adsorption/desorption waves were absent, and oxide formation/reduction waves were significantly suppressed, showing the modulation of the electronic structure of Pt by the presence of CeO x .
Broken lines in Figure 1 show linear sweep voltammograms (LSVs) of the Pt/C (red) and Pt−CeO x /C (blue) electrodes measured in a 0.5 M H 2 SO 4 solution saturated with O 2 in rotating disk electrode configuration at 2000 rpm with a scan rate of 50 mV/s. It is clear that ORR current at the Pt−CeO x /C electrode started to flow at a more positive potential than that at the Pt/C electrode by 50−80 mV, showing the enhancement of the ORR rate by the addition of CeO x to Pt. The onset potential of ORR at the Pt/C electrode coincides with the Pt oxide reduction potential observed in the Ar-saturated solution, suggesting that the Pt surface of the Pt/C was partially covered with Pt oxide near the onset of ORR. On the other hand, Pt oxide formation seemed to be inhibited at the Pt−CeO x /C electrode. Thus, it appears that the enhancement of ORR at the Pt−CeO x /C is attributed to the suppression of Pt oxide formation.
To understand the role of CeO x on the enhancement of catalytic activity more quantitatively, XAFS measurements were carried out. Figures 2 and 3 show X-ray absorption near-edge structure (XANES) spectra of the Pt−CeO x /C electrode at the Pt L 3 edge before and after the pretreatment, that is, oxidation/ reduction cycles (ORCs) in N 2 -saturated 0.5 M H 2 SO 4 solution for cleaning and the Ce L 3 edge after each treatment step, respectively. A peak was observed around 11 560 eV in Figure 2 and should correspond to Pt in the metal state as the white line (WL) intensity is not so large. 32 No change was observed before and after the pretreatment, showing that the amount and oxidation state of Pt were not affected by the pretreatment.
On the other hand, XANES spectra at the Ce L 3 edge (Figure 3) show the significant effect of the treatments on the amount and the oxidation state of Ce. While typical doublet peaks corresponding to Ce 4+ were observed at 5733 and 5740 eV for pure CeO 2 powder (Figure 3a ), 33 confirming that the CeO 2 is the dominant species, not only the doublet peaks but also a new small peak around 5729 eV, which corresponds to Ce 3+ , were observed when Pt was incorporated, showing the formation of Ce 3+ species as a result of the incorporation of Pt. 33 After the Pt−CeO x /C was immersed in a 0.5 M H 2 SO 4 solution for ORC, absorbance decreased to ∼6% (Figure 3b ), implying the dissolution of CeO x . The normalized XANES spectrum shows the preferential dissolution of Ce 4+ species as only the Ce 3+ peak was observed. The loss of CeO 2 during the pretreatment was confirmed by XPS. 17 On the basis of these observations, it is concluded that CeO 2 was dissolved in sulfuric acid solution and the Pt−CeO x nanocomposite was formed during the pretreatment, as schematically illustrated in Figure 4 . The TEM image of the Pt−CeO x nanocomposite presented in a previous report showed the formation of the Pt/CeO x interface. 17 Despite the formation of the CeO x /Pt interface, no change was observed in the XANES spectra at the Pt L 3 edge for the Pt−CeO x /C (Figure 2) , probably due to the relatively small ratio of surface to bulk atoms of Pt particles.
After the pretreatment, XAFS spectra at the Pt L 3 edge were obtained for the Pt/C and Pt−CeO x /C electrodes at various potentials in a 0.5 M H 2 SO 4 solution saturated with O 2 . Figure  5 shows potential dependencies of the current (expansion of the results presented in Figure 1 ), normalized WL intensities, and coordination numbers (CNs) of O and Pt around Pt of the Pt/C and Pt−CeO x /C electrodes, which were obtained by curve fitting of the extended X-ray absorption fine structure (EXAFS).
When the potential at the Pt/C electrode was made positive, these three parameters did not change up to 0.8 V, but then the WL intensity increased and CNs of O and Pt around Pt increased and decreased, respectively, as the potential became more positive (Figure 5b−d) . Since the WL intensity of the Pt L 3 absorption edge reflects d-band vacancy, 32 the increase in the WL intensity suggests the formation of Pt oxide, confirming the results of electrochemical measurements, which showed the flow of anodic current corresponding to Pt oxide formation from 0.6 V (Figures 1 and 5a ). Potential dependencies of CNs confirm Pt oxide formation because, if Pt oxide is formed, oxygenated species are adsorbed on the Pt surface and oxygen is penetrated into the Pt lattice, leading to the increase and decrease of CNs of O and Pt, respectively, around Pt, as experimentally observed. In the negative-going potential scan, the WL intensity of Pt L 3 absorption edge (Figure 5b) as well as CNs of O ( Figure 5c ) and Pt (Figure 5d ) returned to the original values at around 0.6 V where cathodic current peak due to the reduction of oxide was observed (Figure 5a) , showing the reversible formation and reduction of Pt oxide.
In contrast to the above mentioned results obtained at the Pt/C electrode, potential dependent changes of WL intensity of Pt L 3 absorption edge ( Figure 5f ) and CNs of O ( Figure 5g ) and Pt (Figure 5h ) around Pt at the Pt−CeO x /C electrode were very small, showing the suppression of Pt oxide formation at the Pt−CeO x /C electrode. This is in agreement with the result shown in Figures 1 and 5e that only a very small current due to oxide formation/reduction was observed at the Pt− CeO x /C. One may consider that this difference was caused by the difference in the particle size because only surface Pt atoms are subjected to oxidization/reduction, but all Pt atoms within the particle contribute to the XAFS spectrum. Thus, when Pt oxide is formed on the surface of larger particles, at which the fraction of surface atoms to bulk atoms is smaller, smaller changes in the above parameters are expected. According to TEM observations, however, the size of the Pt nanoparticles of the Pt−CeO x /C was almost the same as that of the Pt/C used in the present study, that is, 3−5 nm, 17 and therefore, one can conclude that the XAFS results showed that the oxidation of the Pt surface at the Pt−CeO x /C was indeed suppressed. The inhibition of Pt oxide formation by the presence of CeO x should be one of the primary reasons for the enhancement of the ORR rate at the Pt−CeO x /C electrode because the oxidecovered Pt surface is known to exhibit a lower catalytic activity for ORR than the bare Pt surface. 34−37 To examine the role of CeO x in inhibiting the Pt oxide formation, in situ XAFS measurement at the Ce L 3 edge for the Pt−CeO x /C was also carried out at various potentials in 0.5 M H 2 SO 4 solution saturated with O 2 after the pretreatment. Potential-dependent WL intensities at 5729 and 5740 eV corresponding to the Ce 3+ and Ce 4+ , respectively, are shown in Figure 5f together with that of Pt. The EXAFS oscillation was too weak for curve fitting to determine the CN because of a very small quantity of CeO x . In the relatively negative potential region between 0.2 and 0.9 V, a peak at 5729 eV corresponding to Ce 3+ species was dominant, and the intensity of this peak was almost constant within this potential region. When the potential became more positive than 0.9 V, at which Pt oxide formation started at the Pt/C electrode without CeO x , intensities of the Ce 3+ and Ce 4+ peaks decreased and increased, respectively, showing the oxidation of Ce 3+ to Ce 4+ . In the reverse scan, Ce 4+ was reduced to Ce 3+ with a very small hysteresis. It looks like Pt oxide formation is suppressed by the sacrificial oxidation of Ce 3+ to Ce 4+ , and as a result, the ORR rate is enhanced because ORR takes place at the metallic Pt 0 site, as shown in Figure 6 , where the ORR rate is much faster than that at Pt oxide. The redox behavior of Ce 3+ /Ce 4+ of the Pt−CeO x /C electrode is significantly different from the one previously reported for CeO x on a graphite electrode without Pt 38 at which the anodic current corresponding to the oxidation of Ce 3+ to Ce 4+ flowed from 1.1 V, 38 whereas the oxidation of Ce 3+ to Ce 4+ started at around 0.9 V in the present system ( Figure 5f ). Thus, while Pt became more difficult to be oxidized, the oxidation of Ce 3+ to Ce 4+ became easier at the Pt−CeO x system. These behaviors can be explained by the partial electron transfer from Ce 3+ to Pt.
■ CONCLUSIONS
The role of CeO x in the enhancement of the ORR rate at the Pt/C catalyst was clarified by in situ XAFS measurements at the Pt L 3 and Ce L 3 edges of the Pt−CeO x /C catalyst as well as at the Pt L 3 edge of the conventional Pt/C catalyst in oxygensaturated H 2 SO 4 solution. It was shown that Pt oxide formation was suppressed by the presence of CeO x as Ce 3+ was oxidized to Ce 4+ instead of Pt at the Pt oxide formation potential. The inhibition of Pt oxide formation is considered to be the primary factor for enhancement of the ORR rate because ORR activity of the Pt oxide surface is much lower than that at the bare Pt surface. 
